ABBREVIATIONS CPP = cerebral perfusion pressure; CVT = cerebral venous thrombosis; DC = decompressive craniectomy; GCS = Glasgow Coma Scale; H/L = hemorrhage/lesion volume; ICP = intracranial pressure; mRS = modified Rankin Scale.
C erebral venous thrombosis (CVT) is an uncommon cerebrovascular disorder accounting for < 1% of all strokes. 6, 18 Young adults and children are more susceptible to this disease, especially individuals in the 3rd decade of life and neonates. 2, 5 Historically, atypical symptoms have often resulted in delayed diagnoses and ineffective treatment during the early stages of this disease. 18 Recently, with the application of CT venography and MR venography, early recognition and treatment of this disease have become much more feasible, and anticoagulation therapy has led to encouraging reductions in mortality. 6, 18 However, it has been reported that 40% of patients with CVT can suffer from intracranial hypertension and that approximately 30%-40% can present with intracerebral hemorrhage. 18 Refractory intracranial hypertension caused by hemorrhagic CVT is associated with rapid clinical deterioration and can lead to herniation. Therefore, aggressive interventions such as endovascular thrombolysis/thrombectomy and decompressive craniectomy (DC) have been introduced. 16, 21 Decompressive craniectomy, which is commonly performed in patients with malignant arterial stroke, can alleviate the refractory intracranial hypertension caused by severe hemorrhagic CVT and is thus considered a life-saving treatment in affected patients. To date, however, no randomized trials regarding the benefits of DC in patients with CVT have been reported. Moreover, because of the small sample sizes and diverse inclusion criteria of previous studies, the indications for DC in patients with severe CVT are still not well established.
In the current study, we presented our 10-year institutional experience regarding DC for severe hemorrhagic CVT and evaluated the correlations between clinicoradiological features and surgical outcomes of this disease. The objectives of our study were to analyze the potential risk factors for this more severe subtype of CVT and to provide more evidence regarding the benefits of DC in patients with hemorrhagic CVT.
Methods

Study Population
The present study was approved by the West China Hospital Trials and Biomedical Ethics Committee.
The clinical records of patients who had undergone DC for severe hemorrhagic CVT in the period from January 2005 to March 2015 were retrospectively analyzed. Patients who met the following criteria were enrolled in this study: 1) those whose diagnosis of CVT was preoperatively confirmed on MR venography or CT venography, although digital subtraction angiography was selectively performed for patients with chronic clinical courses; 2) those with Glasgow Coma Scale (GCS) scores ≤ 9; 3) those between 15 and 70 years of age; 4) those who underwent DC because of impending or established brain herniation, which may have presented as progressive neurological deterioration (GCS changes) associated with changes in pupil size and CT evidence of space-occupying lesions causing midline shifts or obliteration of the basal cisterns despite maximal medical therapy and the provision of intensive care; and 5) those who underwent DC with or without hematoma evacuation.
Exclusion criteria were as follows: 1) patients with bilateral mydriasis who had a critically endangered status; 2) patients with primary lesions in the cerebellum; and 3) patients with definitive surgical contraindications.
Institutional Therapeutic Strategy
Once the diagnosis of hemorrhagic CVT was confirmed, standard medical treatment was initiated, including anticoagulation treatment with subcutaneous low-molecular-weight heparin injected at a dose of 180 anti-factor Xa U/kg/24 hrs (anti-factor Xa causes fewer hemorrhagic complications and can be given at fixed doses without constant laboratory monitoring). Some patients who were referred from other hospitals had previously received intravenous unfractionated heparin; we continued their previous anticoagulation therapy. In the event of refractory intracranial hypertension warranting surgical intervention, anticoagulation treatment was temporarily interrupted, and protamine was administered to patients with prolonged coagulation times. Postoperative anticoagulation treatment was restarted or started 48 hours after surgery in the patients without evidence of worsening or new-onset hemorrhage on CT. Subsequent anticoagulation treatment was continued for 2 weeks, maintaining a doubled activated partial thromboplastin time.
Unilateral craniectomy was performed in our cohort, and evacuation of the hematoma was performed if it was associated with significant mass effect. Intraparenchymal ICP monitoring was recommended.
Postoperatively, stepwise intracranial pressure (ICP) management was performed in the neurological intensive care unit (maintaining ICP < 20 mm Hg and CPP > 60 mm Hg). Conventional therapy included sedation, neuromuscular blockage, intubation, ventilation, 30° head elevation, osmotic dehydration, and external ventricular drainage. Therapeutic hypothermia (32°C to 34°C) was used in patients who suffered from refractory intracranial hypertension (ICP > 25 mm Hg for more than 1 hour).
For convalescent patients, routine neurological rehabilitation and early cranioplasty at 2 months after surgery were performed in our institution.
Data Collection and Statistics
The following clinical features were documented: age, sex, predisposing factors, initial syndrome, duration from symptom onset to surgery, preoperative GCS score, pupillary response, and preoperative anticoagulation therapy. Neuroimaging experts evaluated preoperative radiological findings. The main imaging parameters included degree of midline shift, total volume of the lesion, presence of bilateral lesions, and involved veins. Total lesion volume, which was characterized by the volume of the hematoma and edematous brain tissue, was calculated using the ABC/2 method (ellipsoid equation) based on CT and MRI findings. Regarding the radiological features of hemorrhagic CVT, some patients would present with large areas of edema mixed with small, scattered, patchy hemorrhages, while others showed large areas of hemorrhage surrounded by moderate edema. To ensure proper measurement of the lesion, we characterized 2 lesion types describing the pathology associated with severe hemorrhagic CVT. Hemorrhage-dominated lesions were characterized by hemorrhage/lesion volume (H/L) ratios > 0.5, while edema-dominated lesions were characterized by H/L ratios < 0.5 ( Fig. 1) .
The modified Rankin Scale (mRS) was applied to assess 6-month outcomes. For patients who experienced good neurological outcomes, the mRS assessment was completed in the outpatient department via face-to-face interview. For patients who could not attend the follow-up because of a poor neurological status, the assessment was performed via telephone interview with surrogates.
Univariate and multivariate regression analyses were performed to determine the significance of the relationships between preoperative variables and poor outcome (mRS Scores 3-6). The Student t-test was used to compare continuous variables, and Pearson's chi-square test was used to compare categorical variables. Multivariate regression was assessed in terms of odds ratios and R 2 values. The Hosmer-Lemeshow method was used to check the calibration of the regression result. All statistical analyses were performed using SPSS software (version 19.0, IBM Corp.), and p < 0.05 was considered statistically significant.
Results
Clinical and Radiological Features
From January 2005 to March 2015, a total of 422 patients with CVT were treated in the stroke unit in the West China Hospital of Sichuan University. Among these patients were 70 who had a surgical indication for DC and 201 patients (47.6%) who presented with hemorrhagic lesions. After reviewing the patient medical data, we found 58 patients with severe hemorrhagic CVT who had undergone DC; these patients were eligible for our study. The clinical and radiological features of these patients are listed in Table 1 . Overall, the 39 females (67.2%) and 19 males (32.8%) had a mean age of 39.7 ± 12.5 years (range 18-69 years). Notably, 8 patients were Tibetan, representing 13.8% of the patients in our series. Within 2 weeks of symptom onset, 12 patients (20.7%) had predisposing factors, including oral contraceptive use in 8, late puerperium in 3, and breast abscess in 1. The most common symptom was headache (39 patients [67.2%]). Seventeen patients (29.3%) suffered from seizures preoperatively, 13 of them from generalized seizures. Four patients (6.9%) reported seizure as their initial symptom, and 8 patients (13.8%) listed disturbed consciousness as their initial symptom. Regarding the time from symptom onset to surgery (mean 3.3 ± 1.9 days), 21 patients (36.2%) experienced acute deterioration within 48 hours of symptom onset, and 13 patients had prolonged preoperative courses lasting longer than 5 days (maximum 9 days). The mean preoperative GCS score was 6.79, and abnormal pupillary responses were observed in 47 patients (81%). Fifteen patients (25.9%) received nonstandard anticoagulation in other hospitals.
Regarding radiological findings, all the patients presented with space-occupying mass lesions, and 9 presented with bilateral lesions. Midline shifts > 5 mm were observed in 43 patients (74.1%). The mean lesion volume was 114.7 ± 17.7 ml. Using H/L ratios, we classified 27 patients was the most common site, and 7 patients suffered from deep CVT in combination with dural sinus involvement, the transverse sinus in 4, the sigmoid sinus in 1, and multiple sinuses in 2.
Treatment and Complications
Hematomas were associated with significant mass effect in 3 patients; therefore, hematoma evacuation was performed in these patients during DC. Intracranial pressure monitoring was used in 37 patients (63.8%). The average daily postoperative ICP within the first 72 hours was 16.9 ± 9.3 mm Hg in patients with hemorrhage-dominated lesions and 12.7 ± 8.2 mm Hg in those with edema-dominated lesions. To maintain an optimal cerebral perfusion pressure (CPP; 60-70 mm Hg), 29 patients received second-tier ICP control via therapeutic hypothermia, which was continued for more than 48 hours in 16 patients. The mean lowest CPP increased from 56.4 to 63.6 mm Hg after 24 hours of hypothermia.
Four patients underwent reoperation: 2 who underwent hematoma evacuation due to hemorrhage progression, 1 who received bone flap enlargement, and 1 who had contralateral DC. Subdural hygroma (14 cases [24.1%]) was the most common postoperative complication, and all formed within 4 weeks after surgery. Four patients with subdural hygroma required contemporary subcutaneous drainage. One hygroma persisted for more than 6 months without causing symptoms or undergoing self-absorption; thus, a subdural peritoneal shunt procedure was performed. No cases of DC-related intracranial infection or hydrocephalus occurred.
Follow-Up
At the 6-month follow-up, 33 patients (56.9%) had attained a favorable outcome (mRS score of 0 in 3 patients, score of 1 in 13, and score of 2 in 17), whereas 25 patients (43.1%) had experienced a poor outcome (mRS score of 3 in 12 patients, score of 4 in 4, score of 5 in 1, and score of 6 in 8). Eight patients (13.8%) died, including 6 who died from deterioration of the intracranial lesion, 1 who died of ventriculitis due to methicillin-resistant Staphylococcus aureus, which was attributed to external ventricular drainage, and 1 who died of multiple organ dysfunction syndrome. Of the patients with an mRS score of 4 or 5, 3 exhibited significant cognitive deficits, 1 was in a persistent vegetative state, and 1 suffered from hemiplegia.
Risk Factors
After analyzing 14 preoperative candidate variables, we found age, duration from symptom onset to surgery, hemorrhage-dominated lesion, bilateral lesions, and deep cerebral venous involvement were considered potential risk factors for poor outcomes. (Because our sample size was so small and to reduce statistical bias and any chance of missing a potential risk factor, we considered all risk factors with a p value close to 0.05 in our analysis.) Table 2 summarizes the results of our univariate analysis. Results of the multivariate regression analysis revealed that hemorrhage-dominated lesions (p = 0.026) and deep cerebral venous involvement (p = 0.026) were associated with poor 
Discussion
Cerebral venous thrombosis is an uncommon but potentially life-threatening stroke with unique features.
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Although the general outcome of CVT is favorable, 11 severe CVT can cause progressive intracranial hypertension resulting in brain herniation. 3 For patients with impending herniation, DC may be the only life-saving treatment. However, the current guidelines do not elaborate on the benefits of and indications for DC in patients with CVT. Given the relatively low incidence (5 cases/1,000,000 persons) of this condition, 2 only limited studies with small sample sizes have been reported (Table 4) . 1,9,12-17, 22,25 Therefore, more investigations regarding the correlations between clinicoradiological features and the surgical outcomes of severe CVT are expected, especially as regards severe hemorrhagic CVT.
Incidence
Because the inclusion criteria and surgical indications were diverse in previous studies, the incidence of DC for CVT varied from 1.4% (9/624) to 7.4% (44/587). 1, 8 According to the 3 largest series, patients with hemorrhagic CVT constituted 82%, 1 89.9%, 9 and 100% 16 of all the CVT patients who underwent DC surgery. This finding may indicate that patients with hemorrhagic CVT are more likely to suffer from severe refractory intracranial hypertension. However, none of these studies reported the overall frequency of DC in patients with hemorrhagic CVT. In the present study, we focused on DC application in patients with hemorrhagic CVT. The surgical indications were a preoperative GCS score ≤ 9 and progressive deterioration in neurological status despite the administration of maximal medical therapy. Consequently, the frequency of DC in patients with hemorrhagic CVT was 28.8% (58/201).
West China Hospital is the leading referral stroke center in western China, serving approximately 500 million people from more than 5 provinces. Tibetans constitute approximately 1.5% of the entire population in this area; however, they represented a much larger portion (13.8%) of our sample. Tibetan individuals have long lived in highaltitude areas and consumed high-fat diets and thus face an increased risk of developing viscous hyperlipidemia. 24 We hypothesized that long-term residence in high-altitude areas and viscous hyperlipidemia may be responsible for the increased number of Tibetan patients who suffered from severe hemorrhagic CVT. But because of the inadequate evidence regarding blood hyperviscosity, the mechanism underlying the above relationship warrants further investigation.
Outcomes
Because of advances in neuroimaging and acute anticoagulation treatment, several studies have reported that CVT has a favorable prognosis with a mortality rate < 10% and that good functional outcomes are achieved in > 80% of patients. 4, 8 However, some patients can develop refractory intracranial hypertension and experience poor outcomes, especially patients with hemorrhagic lesions. 4, 7, 10, 23 The major hazard of severe CVT is herniation attributable to the mass effect produced by hemorrhagic venous infarctions. Different from large ischemic infarctions, the venous infarctions in CVT are caused by venous congestion. Decompressive craniectomy, as a life-saving treatment in affected patients, reduces the intracranial pressure and enhances the recirculation of cortical veins and collapsed veins. In addition, it reduces venous congestion, improves venous blood flow in the collateral circulation, and allows anticoagulants to reach the site of thrombosed veins. 19, 20 Thus far, however, only a limited number of studies with small samples have retrospectively analyzed the outcomes of patients with severe CVT who underwent DC (Table 4) . 1, 9, [12] [13] [14] [15] [16] [17] 22, 25 Given the lack of universal surgical indications, the results of these studies vary with mortality rates ranging from 0% to 28.6% and good functional outcome rates ranging from 56.5% to 100%. In the present study, the overall mortality rate was 13.8%, and 33 patients (56.9%) achieved good functional outcomes. Since the patients enrolled in our study were suffering from severe hemorrhagic CVT, their surgical outcomes were not as favorable as those in previous studies. Nevertheless, patients with severe hemorrhagic CVT who underwent DC experienced better outcomes than patients with severe traumatic brain injury with mass effect, spontaneous intracerebral hemorrhage, or large ischemic infarctions. 
Risk Factors
In previous studies, several factors such as male sex, age > 37 years, acute symptom onset, seizures, coma, mental status disorder, GCS scores < 9, hemorrhagic infarction, thrombosis of the deep cerebral venous system, posterior fossa involvement, central nervous system infection, and cancer were considered independent risk factors for poor outcomes in patients with CVT. 3, 8, 10 However, because of the small sample sizes in these studies, the risk factors for more severe CVT, let alone those for severe hemorrhagic CVT, were difficult to identify. A registered multicenter study reported favorable outcomes in 82% of severe CVT patients who underwent DC and demonstrated that poor outcomes were more likely to occur in patients with coma and bilateral lesions. 9 Aaron et al. found that performing DC within 12 hours after admission significantly increased patient survival rates, whereas surgery delayed by more than 12 hours had a significant effect on mortality. 1 Admittedly, once the diagnosis of CVT has been confirmed, early surgery is appropriate for patients with impending herniation or established herniation. However, CVT patients may present with chronic progressive clinical courses, and venous infarctions generally have greater recovery potential than ischemic strokes. Given the good responses to medical treatment and the risks of DC-related complications, our institution performs DC in patients with impending or established herniation despite maximal medical therapy and the provision of intensive care. Additionally, in our study, 5 patients died during the acute stage (defined as the first 72 hours after symptom onset), whereas patients with a less severe condition experienced more gradual deterioration over several days and did not die. We concluded that the outcomes of severe hemorrhagic CVT were associated with patient clinical courses. Therefore, the duration between symptom onset and surgery was considered a potential risk factor for a poor outcome; however, given the small sample size of our study, the results did not show such a correlation.
In the present study, results of the multivariate regression analysis revealed that hemorrhage-dominated lesions and deep CVT were independent risk factors for poor outcomes in patients with severe hemorrhagic CVT. According to our institutional experience, in patients with severe hemorrhagic CVT, herniation is caused by mass effect secondary to both venous infarction and intracerebral hemorrhage. Hemorrhage may damage the surrounding brain tissue and cause worsening focal edema. Therefore, we hypothesized that the volume of intracerebral hemorrhage may be a risk factor for poor outcomes in patients with severe hemorrhagic CVT. However, since hemorrhage in CVT appears as a scattered hyperdense lesion on CT, accurate measurements of hemorrhage volume are not possible. Therefore, we introduced the H/L ratio as a simple measurement that allowed us to divide the severe hemorrhagic CVT into the following 2 groups: 1) Hemorrhage-dominated lesions were characterized by an H/L ratio > 0.5, which represented a major hemorrhage surrounded by moderate edema on neuroimaging; and 2) edema-dominated lesions were characterized by an H/L ratio < 0.5, which represented a large area of edema mixed with small, scattered, patchy hemorrhages. In the present study, we found that hemorrhage-dominated lesions were associated with poorer outcomes. Additionally, we did not observe a significant correlation between lesion volumes and patient outcomes, which further proved that volume of hemorrhage played an important role in clinical outcome in patients with severe hemorrhagic CVT.
Deep cerebral venous involvement was considered an independent risk factor for a poor outcome in our study. Patients with deep CVT were at risk for developing an obstruction in the vein of Galen, which can result in damage to the thalamus and basal ganglia. Results of the multivariate regression analysis showed that patients who suffered from severe hemorrhagic CVT with deep venous involvement were 2.3 times more susceptible to poor outcomes than the patients without deep venous involvement.
Study Limitations
This was an institutional long-term retrospective study of patients with severe hemorrhagic CVT with impending or established herniation. The sample size was relatively limited, which may have resulted in statistical bias. Because of ethical concerns, it was not possible to include a control group. Additionally, because of financial limitations and local medical insurance policy restrictions, we could not obtain sufficient data regarding genetic or acquired prothrombotic conditions. Therefore, we did not perform a risk analysis toward laboratory variables, but we are aware that these variables may play an important role in the progression and recurrence of this disease. Moreover, the time span was quite long, and some of the patients enrolled in the study were from remote villages in Tibet; therefore, some were lost to follow-up since they were unable to travel a long distance for their return visit. This made long-term follow-up problematic; thus, short-term follow-up was adopted in our study.
Conclusions
In patients with severe hemorrhagic CVT, DC is considered an effective life-saving treatment that can result in favorable outcomes. Notably, our study showed that hemorrhage-dominated lesions and deep cerebral venous involvement were independent risk factors for a poor outcome in patients with this disease.
